Introduction
Peri toneal dialysis (PD) is a well-established form of renal replacement therapy for patients with stage 5 chronic kidney disease, having grown from its inception in the 1970s to today, where it is used by over 170,000 individuals globally. 1 The annual global growth rate of this therapy is between 6 and 7%, whereas developing regions, especially Asia, are witnessing growth rates of up to 25% or greater. In the United States, according to the 2008 United States Renal Data System report, of the 26,082 PD patients, 33.7% were classified as having diabetes. 1 For several decades since the 1970s, PD solutions relied mainly on d-glucose as the osmotic agent of choice. d-Glucose is a biologically active stereoisomer, often referred to as dextrose. Glucose offers a good osmotic driving force, resulting in rapid ultrafiltration (UF), especially in the first few hours of intraperitoneal dwell. In addition, the metabolic fate of glucose is well understood, with no acute toxicity or proven long-term side effects. Glucose can be heat sterilized, permitting a large margin of safety in terms of sterility assurance of the commercial product. Glucose is also stable for long periods of time in dialysis solution formulations at ambient temperature ranges, thereby permitting an acceptable shelf life.
In recent years, the attractive attributes of glucose as an osmotic agent in PD have been tempered by growing speculation on the potential clinical disadvantages of excessive glucose exposure, especially where daily fluid removal needs require the use of high glucose concentration solutions. Depending on their peritoneal membrane transporter characteristics, PD patients can absorb from approximately 100 to 200 grams of glucose per day. 2 The availability of nonglucose osmotic agents in recent years in many countries around the world has resulted in several, albeit usually small, interventional studies ascribing potential metabolic benefits to nonglucosebased solutions, thus fueling interest in their potential to reduce cardiometabolic risk. The most widely available nonglucose PD solution today is a 7.5% icodextrin solution. Icodextrin is a mixture of high molecular weight glucose polymers isolated from hydrolyzed corn starch. Icodextrin provides a colloidal rather than a crystalloid osmotic force, thereby inducing a slower but more sustained removal of fluid via peritoneal UF and thus is suited ideally for the long dwell in PD. A 1.1% amino acid-based solution that contains no glucose while providing UF equivalent to a 1.5% dextrose monohydrate solution is also available in some countries and is indicated primarily for malnourished patients.
In 2007, Holmes 2 provided an overview of glucotoxicity associated with conventional glucose-based PD, including supportive and undermining clinical and epidemiologic evidence available at that time with potential clinical approaches to minimize glucose exposure. These themes are expanded and updated in this review with particular emphasis on the diabetic PD patient.
Proposed Pathways of Glucotoxicity in Diabetic PD Patients
Intraperitoneal instillation of conventional glucose-based PD solutions may result in both local (peritoneal) effects and, because about 50 to 80% of the instilled glucose is absorbed, systemic effects. The putative pathways of both local and systemic glucotoxicity are depicted in Figure 1 . These pathways lead to structural and functional changes of the peritoneal membrane, resulting in fluid overload, impaired glucose control, altered lipid profiles, and accumulation of atherogenic visceral fat. This review focuses on the role of systemic glucose absorption in cardiometabolic risk. The thesis that excessive glucose exposure plays an important role in the outcomes of diabetic PD patients remains controversial, as much of the supportive evidence is indirect and adequately powered interventional trials comparing glucose sparing prescriptions to conventional ones are limited. Evidence for and against a role of glucose absorption in cardiometabolic risk in diabetic PD patients is discussed in the following sections.
Glycemic Control in Diabetic PD patients
In order to study the effect of intraperitoneal glucose on glycemic control in diabetic patients, Marshall and colleagues 3 employed a continuous glucose monitoring system to profile 24-hour blood glucose control in eight insulin-dependent diabetic continuous ambulatory peritoneal dialysis (CAPD) patients using a crossover design to compare glucose-based PD solutions to a prescription that incorporated both icodextrin and an amino acid-based solution. A significant reduction in mean 24-hour blood glucose in the glucose sparing phase and a significantly tighter control of blood glucose levels were observed (Figure 2) , confirming that improved blood glucose control can be achieved with nonglucose-based dialysis solutions. Blood glucose measurements in patients receiving icodextrin must be done with a glucose-specific method to avoid interference by maltose, a metabolite of icodextrin. Glucose dehydrogenase pyrroloquinoline quinone or glucose dye oxidoreductase-based methods must not be used.
Early studies evaluating the effect of the nonglucose osmotic agent icodextrin on hemoglobin A1c (HbA1c) have been contradictory, possibly caused by inadequately powered designs. 4, 5 However, two recent prospective, multicenter open-labeled studies have reported that a significant HbA1c reduction could be achieved with icodextrin use. 6, 7 The most recent of these was a randomized controlled study of 59 diabetic CAPD patients with a 12-month follow-up period, where HbA1c values rose by 0.79% in the glucose-only group versus a fall of 0.98% in the icodextrin group (p < 0.01). 6 Despite observations of improved glycemic control with nonglucose solutions described earlier, controversy remains as to its clinical importance per se, as limited evidence exists over the benefit of glycemic control in general in the diabetic end stage renal disease (ESRD) population, especially in the PD population.
8 Two large U.S. national dialysis chain database studies of hemodialysis (HD) patients have gained much attention recently. No association between HbA1c levels and survival was seen at 12 months in a cohort of over 24,000 diabetic patients. 9 A second study of equal size found a paradoxical lower unadjusted mortality with greater HbA1c levels, which became associated with a greater mortality after adjustment for markers for malnutrition and inflammation. 8 A 1993 report by Tzamaloukas and colleagues 10 of 39 type 1 and 71 type 2 patients concluded that poor glycemic control (defined by <50% of blood glucose measurements within 3.3-11.1 mmol/liter) was associated with significantly higher HbA1c values versus a well-controlled control group with higher rates of Alternative measures to HbA1c for glycemic control assessment in PD patients, such as glycated albumin and skin advanced glycation end product levels, have been described as more accurate predictors of long-term glycemic control in this population. 11, 12 For example, in 2005, Meerwaldt and associates 13 established that the baseline skin advanced glycation end product level, as measured by autofluorescence, independently predicts overall and cardiovascular survival in HD patients. Pertinent to this review, a preliminary report by McIntyre and colleagues 14 demonstrated that the skin advanced glycation end product concentration correlates with dialysis vintage in PD patients, unlike HD patients, and is strongly associated with the degree of historical PD glucose exposure. If confirmed, this observation would provide strong evidence for an important role of glucose exposure in both diabetic and nondiabetic PD patients.
Weight Gain, Body Mass Index, Visceral Fat, and Adipokines in PD Patients
The role of glucose absorption in changes in body composition of PD patients remains controversial. It is well established that PD patients frequently gain weight, especially during the first year of PD therapy and particularly if they have diabetes or have a high body mass index (BMI) at initiation. Glucose absorption in PD patients can equal approximately 15 to 30% of the recommended daily calorie intake for an ambulant 80-kg diabetic male, and thus often is assumed to be the cause of weight gain. However, several groups have not found any association between glucose absorption and weight gain. 15, 16 Although this may appear incongruous upon initial consideration, studies on the role of specific genetic polymorphisms that influence total energy expenditure may provide some explanation.
Wang and colleagues 17 have demonstrated eloquently the important role of a UCP2 gene polymorphism in regulating a fat mass increase in PD patients. UCP2 likely plays an important role in regulating energy balance by participating in both resting energy expenditure and fatty acid oxidation. PD patients with the UCP2 del/del genotype (57%) showed a significant increase in total and truncal fat mass in this study (Figure 3) . This association was not seen in HD patients, illustrating the important interaction between this polymorphism and some element specific to PD. Furthermore, Vasselai and colleagues 16 observed that PD patients who gained body fat did so because of a higher ratio of total energy intake (absorbed glucose plus oral intake) to resting energy expenditure. Consequently, the existence of genetic polymorphic groups within the PD patient population and their influence on total energy balance may explain the prior lack of correlation between the single parameter of glucose uptake and weight gain when studying a mixed polymorphic population.
Despite the daily caloric contribution that glucose provides to PD patients, no major differences in BMI distribution have been identified to date between HD and PD patients. Differences do appear to exist between the survival risk posed by an increasing BMI between PD and HD patients. Obesity has been associated with improved survival in HD patients and is often referred to as an example of the reverse epidemiology of chronic kidney disease. In contrast, a detailed review concluded that, at least in the United States, obese PD patients in contrast to HD patients do not appear to have a survival advantage compared to normal BMI patients and, if diabetic, may have an increased risk of death after starting PD as compared to HD. 18 Johnson and colleagues 5 has highlighted the potential for selection bias in U.S. patient studies due to the relatively low utilization of PD versus HD. A careful analysis of the Australian and New Zealand Dialysis and Transplant Association registry found that obesity, as defined by a BMI >30 kg/m 2 , was associated independently with death and technique failure in this large cohort of PD patients where selection of PD and HD was more equal. 19 Furthermore, when BMI was analyzed as a continuous variable, a J-shaped curve was reported, with greatest survival at a BMI of 20 kg/m 2 and survival decreasing progressively with BMI values both below and above that value (Figure 4) .
It is becoming apparent that BMI as a summary statistic may not be the optimal measure of body composition for comparison between PD and HD patients. The location of fat accumulation, vis-à-vis abdominal versus peripheral, has different metabolic implications, with abdominal fat being associated with increased cardiovascular risk in both peritoneal and HD patients. 20, 21 This has led investigators to propose future use of new anthropometric tools that estimate the relative accumulation of abdominal fat, such as the conicity index, rather than relying solely on BMI. In addition, because protein energy wasting (PEW) appears to strongly influence inflammation and mortality in ESRD patients, inclusion of PEW to assess the role of sarcopenia in the presence of high BMI may be important. 22 Wang and colleagues 17 have also showed that the increase in truncal fat mass observed over time in PD patients was associated positively with serum leptin, interleukin-6, and dyslipidemia and was correlated negatively with adiponectin levels, supporting the hypothesis that increased truncal fat mass may contribute to cardiometabolic risk. These observations support a preceding observational study of 36 PD patients that reported a significant increase in total body mass, truncal fat mass, and serum leptin levels over the first year after commencement of therapy, noting that these changes were most pronounced in patients with diabetes. 23 The cause for the large increase in leptin levels after commencement of PD is likely due to the increase in body fat content, as leptin is produced almost exclusively by adipose tissue. Teta and colleagues 24 have demonstrated that, in vitro, adipocytes reveal a concentration-dependent secretion of leptin with glucose, which is not seen with nonglucose dialysis solutions such as icodextrin or amino acid solutions. Acute dwell studies in patients also revealed 24 that an amino acid-based solution did not elevate plasma leptin concentrations, unlike glucose-based solutions. Two small clinical studies from Japan have evaluated the effect of icodextrin on plasma leptin levels in mainly nondiabetic PD patients with opposite conclusions. 25, 26 Reasons for this discrepancy are unclear but likely include differences in study design and statistical power.
Dyslipidemia of PD Patients
The dyslipidemia of PD patients has been well characterized and is reported most often as elevated total cholesterol, low-density lipoprotein (LDL) cholesterol, of 51 CAPD diabetic patients using icodextrin for their overnight dwell reported a striking positive correlation between changes in triglyceride levels and glucose absorption (Figure 5) , whereas total and LDL cholesterol levels and triglycerides decreased significantly over the observation period. In a randomized controlled trial, Paniagua and colleagues 6 also reported decreased triglyceride levels in diabetic PD patients treated with icodextrin.
Mortality Studies in Dialysis Patients: Are Diabetic PD Patients at Risk?
If glucose absorption does potentially contribute to increased cardiometabolic risk in PD patients, are there any differences in survival between PD and HD patients that would support this hypothesis? In 2006, Vonesh and colleagues 28 provided a critical review of six largescale national registries and three prospective studies and concluded that, after accounting for differences in case mix adjustment, survival on PD was generally found to be equal or better than HD among nondiabetic and younger diabetic patients, whereas the survival of older diabetes patients varied by country. Older diabetic patients (age 45 and older) fared worse than HD patients in the United States, whereas no difference was seen in the Danish and Canadian studies. The observed difference in survival between older diabetic PD and HD patients in the aforementioned studies is unclear, but excessive glucose exposure has been suggested as a contributing factor. More recently, there have been at least three large national database studies comparing PD and HD survival. [29] [30] [31] These studies do not significantly affect the overall conclusions of the Vonesh review given earlier, as they essentially build upon the scientific equipoise in this area.
It is clear that observational data will unlikely delineate the role that excessive glucose absorption plays in cardiometabolic risk in diabetic PD patients. Interventional studies using glucose sparing strategies will likely be the definitive method to establish the importance of glucose absorption in cardiometabolic risk. In this respect, it is noted that an adequately powered randomized controlled clinical trial is underway in diabetic CAPD and automated peritoneal dialysis (APD) patients comparing glucoseonly prescriptions to glucose sparing ones that employ a combination of icodextrin, amino acids, and a bicarbonate/ lactate-buffered biocompatible glucose-based solution. 32 The primary end point of this study is HbA1c, with a variety of secondary outcome measures, including glycemic control medication, hypoglycemic events, and quality of life.
Optimizing Dialysis Solution Exposure in Glucose in Peritoneal Dialysis
Clinically, glucose absorption can be minimized either by reducing the need for peritoneal UF or by optimizing the UF efficiency of the dialysis therapy. Reducing the need for peritoneal UF is best achieved with a reduction in dietary salt and water intake and the use of diuretics. Preservation of residual renal function is also a first-line strategy to minimize glucose exposure, and thus the use of angiotensin-converting enzyme/angiotensin II receptor blockers, while avoidance of dye studies, nonsteroidal anti-inflammatory drugs (including cyclooxygenase-2 inhibitors), aminoglycosides, and extracellular fluid depletion, whenever possible, is recommended.
Ultrafiltration efficiency is usually defined as the amount of net UF obtained for every gram of carbohydrate absorbed. Ultrafiltration efficiency is a dynamic parameter that changes over the dwell time because the volume of UF and the amount of the osmotic agent change over time. Ultrafiltration efficiency is also affected by the peritoneal membrane characteristic (slow/low to fast/ high absorbers), the concentration of the osmotic agent used, and the volume of the infused solution. Clinically, optimizing UF efficiency with glucose-based solutions by varying dwell times, fill volumes, and various glucose concentrations is impractical without mathematical modeling capabilities, whereas the use of nonglucose-based solutions is a simple, pragmatic approach. The beneficial effect of icodextrin on the UF efficiency of the APD long dwell in a randomized controlled phase III trial is shown in Figure 6 . The superior UF efficiency of icodextrin is a product of the superior UF and the lower carbohydrate absorption versus glucose. At first consideration, because only about 12 grams of carbohydrate absorption was saved using icodextrin in this study, a conclusion may be drawn that the glucose sparing benefit is limited. However, it should be appreciated that in order to achieve the same daily fluid removal with a glucose-based only solution prescription as that achieved when using icodextrin, a significant increase in the glucose concentration will be required. This is illustrated in Figure 7 using a mathematical modeling approach. When using icodextrin for a long dwell in an average PD patient, achieving an equivalent daily UF using glucose-only solutions requires a higher number of concentrated glucose solutions, resulting in approximately an additional daily absorption of 40 grams of glucose.
Future Research Needs
Although an emerging body of evidence suggests that glucose sparing dialysis solutions may reduce cardiometabolic risk factors in diabetic and nondiabetic PD patients, the ability to demonstrate a reduction in mortality and an improvement in quality of life will always be challenging due to the logistical challenges of enrolling adequate numbers of patients for such studies. Consequently, there is a critical need to establish which risk factors are strong predictors of decreased morbidity and mortality and improved quality of life in this population. For instance, is skin advanced glycation end product content, glycated albumin, or fructosamine measurement superior to HbA1c as a measure of glycemic control in PD patients? Similarly, despite much reliance on body mass index as a measure of body composition in dialysis patients to date, are changes in visceral fat mass over time more important to outcomes? Establishment of strong surrogate predictors of meaningful clinical outcomes would facilitate the feasibility of randomized interventional studies of glucose sparing strategies.
Summary
d-Glucose has been used successfully for several decades as the prototypical osmotic agent employed in dialysis solutions to achieve adequate fluid removal. The absorption of 100-200 grams of glucose per day in PD patients has been suggested as potentially increasing cardiometabolic risk, particularly in patients with diabetes. The role that glucose absorption plays in changes in body composition, dyslipidemia, and glycemic control of diabetic PD patients remains to be fully defined. Clinical strategies used to optimize glucose exposure in diabetic PD patients include reduction of dietary salt and water intake, preservation of residual . Mathematical modeling construction depicting the impact of icodextrin on daily carbohydrate (CHO) absorption when using prescriptions that achieve equivalent daily fluid removal. Assumption: two liter fill volumes, daytime dwell of 14 hours, and nighttime therapy of five 2-hour dwells. The model is a mix of transporter types representative of the APD population (15% high, 37% high-average, 33% low-average, 15% low).
function, use of diuretics, and substitution of glucosebased solutions with nonglucose alternatives, such as icodextrin. Interventional studies with icodextrin suggest that improved glycemic control and an improved lipid profile in diabetic PD patients are possible with new solution formulations, although confirmation via ongoing adequately powered randomized controlled trials is needed.
